The transient receptor potential ankyrin-repeat 1 (TRPA1) is an important player in pain and inflammatory pathways. It is a promising target for novel drug development for the treatment of a number of pathological states. A novel peptide producing a significant potentiating effect on allyl isothiocyanate-and diclofenac-induced currents of TRPA1 was isolated from the venom of sea anemone Metridium senile. It is a 35-amino acid peptide cross-linked by two disulfide bridges named -AnmTX Ms 9a-1 (short name Ms 9a-1) according to a structure similar to other sea anemone peptides belonging to structural group 9a. The structures of the two genes encoding the different precursor proteins of Ms 9a-1 were determined. Peptide Ms 9a-1 acted as a positive modulator of TRPA1 in vitro but did not cause pain or thermal hyperalgesia when injected into the hind paw of mice. Intravenous injection of Ms 9a-1 (0.3 mg/kg) produced a significant decrease in the nociceptive and inflammatory response to allyl isothiocyanate (the agonist of TRPA1) and reversed CFA (Complete Freund's Adjuvant)-induced inflammation and thermal hyperalgesia. Taken together these data support the hypothesis that Ms 9a-1 potentiates the response of TRPA1 to endogenous agonists followed by persistent functional loss of TRPA1-expressing neurons. We can conclude that TRPA1 potentiating may be useful as a therapeutic approach as Ms 9a-1 produces significant analgesic and antiinflammatory effects in mice models of pain. . 2 The abbreviations used are: TRPA1, transient receptor potential ankyrin 1; TRPV1, transient receptor potential vanilloid 1; Ms 9a-1, -AnmTX Ms 9a-1; ACN, acetonitrile; AITC, allyl isothiocyanate; CFA, complete Freund's adjuvant; NAPQI, N-acetyl-p-benzoquinoneimine; p-BQ, p-benzoquinone; NSAID, nonsteroidal anti-inflammatory drug; RACE, rapid amplification of cDNA ends; Ugr, U. grebelnyi; Ms, M. senile; DRG, dorsal root ganglion; p.o., per os.
Transient receptor potential ankyrin-repeat 1 (TRPA1) 2 receptors play a significant role in initiation and development of neurogenic inflammatory pain. TRPA1 consists of four identical subunits that form a transmembrane channel. Each subunit contains six transmembrane domains and has a long cytoplasmic N terminus that comprises many ankyrin repeats (16 in humans; 14 -17 in mice) (1) . Ankyrin repeats are 33-amino acid motifs found within many proteins that mediate protein-protein interactions. TRPA1 receptors are expressed in mammalian somatic and visceral sensory neurons that innervate skin, lung, or intestinal epithelium, pancreas cells, and mucosa of the oral cavity. TRPA1 receptors co-localize with transient receptor potential vanilloid 1 (TRPV1) in a subset of small diameter, unmyelinated, peptidergic neurons. TRPA1 is calcium-permeable cation channel activated by exogenous and endogenous irritants and mechanical stimuli. Several different ways for the activation of TRPA1 have been found. Most of the known electrophilic agonists act via covalent modification of cysteine residues at the N terminus of the TRPA1 receptor. Non-electrophilic substances such as some NSAIDs, ⌬ 9 -tetrahydrocannabinol, and 2-aminoethoxydiphenyl borate can activate TRPA1 via reversible binding (2) (3) (4) .
Electrophilic TRPA1 agonists from cigarette smoke such as ␣,␤-aldehydes (acrolein, crotonaldehyde) trigger eye irritation, cough, and neurogenic inflammation of the airways (5) . Substances from food that target TRPA1 are the pungent compounds of mustard (allyl isothiocyanate (AITC); Ref. 6 ), cinnamon (cinnamaldehyde; Refs. 7, 8) , and garlic (allicin; Ref. 9 ). Industrial emissions also contain TRPA1 activators such as toluene diisocyanate (10) , zinc (11) , hypochlorite, and hydrogen peroxide (12) . General anesthetics like desflurane (13) and isoflurane (14) can stimulate bronchial contraction via activation of TRPA1 and therefore cause significant side effects.
Endogenous agonists of TRPA1 are compounds generated during tissue inflammation, asthma, chemical hypersensitivity, chronic cough, and chronic obstructive pulmonary dis-ease. These are 4-hydroxynonenal (15) , 4-oxononenal (16) , nitrooleic acid (10) , and the prostaglandin derivative 15-deoxy-⌬ (12, 14) -prostaglandin J2 (15) (16) (17) (18) . Thus, TRPA1 is an important target for the design of novel analgesic and antiinflammatory drugs.
Venomous animals produce different polypeptides for hunting and defense. Venom compounds interact with diverse biological targets, producing different effects that could be used in scientific research and in pharmacology (19, 20) . Such multitasking of venom is provided by the generation of large families of polypeptide molecules, each of them being highly specific to a certain receptor. Venoms of sea anemones have already become a source for characterization of several polypeptides with intriguing properties such as the Kv 1.3 blocker (21), ASIC3 inhibitors (22) (23) (24) , TRPV1 modulators (25, 26) , and many others (20) .
In this paper we describe the isolation and characterization of novel peptide -AnmTX Ms 9a-1 (short name Ms 9a-1) from the venom of sea anemone Metridium senile. Ms 9a-1 is a 35-residue peptide containing four cysteines that is structurally similar to the ␤-hairpin ASIC3 inhibitor Ugr 9a-1 previously isolated from the venom of the sea anemone Urticina grebelnyi (23) . Peptide Ms 9a-1 enhances the response of the TRPA1 receptor to agonists in vitro and produces significant antinociception and anti-inflammatory effects when injected into mice.
Results

Peptide Isolation and Primary Structure Determination-
The crude peptide fraction of M. senile venom produced a potentiating effect on agonist-activated rTRPA1 response in fluorescent inflow calcium assay on stable CHO cell lines expressing the receptor. The active compound was isolated in two reverse-phase HPLC separation steps with fractions activity testing (Fig. 1 ). The average molecular weight of the active peptide was estimated by matrix-assisted laser desorption ionization (MALDI) mass spectrometry and was equal to 3654.4 Da.
The N-terminal sequence of 34 amino acid residues was established by Edman degradation. The C-terminal residue was predicted as Ser by the difference between calculated molecular weight of the sequenced fragment and molecular weight of peptide measured by MALDI. The primary structure was confirmed by analysis of cDNAs coding for the peptide that were obtained by the 3Ј-and 5Ј-rapid amplification of cDNA ends (RACE) method. In 3Ј-RACE the PCR product (ϳ250 bp) was obtained using total RNA from M. senile as a template, the two degenerated primers MS-d1 and MS-d2, and the universal primer T7Cap. The DNA fragment coding for the signal peptide and 5Ј-untranslated region was amplified by using the 5Ј-RACE technique with the reverse primers MS-r1 and MS-r2 and the universal primer T7Cap. A full precursor sequence was produced using primers MS-5Ј-end and MS-3Ј-end. Clones' sequencing revealed two genes (named ms9.1 and ms9.2) coding for precursor proteins MS9.1 and MS9.2 containing the target peptide (Fig. 2, A and B) . The calculated average molecular mass 3654.4 Da was equal to the measured molecular mass for the native peptide.
Precursor proteins consist of similar signal peptides, spacer regions, and active peptide and differ in several substitutions in the C-terminal region coding for close structural homologs of the active peptide (Fig. 2B ). The 35-residue-long active peptide is located next to the spacer region after the signal peptide sequence. The cysteine distribution pattern of the mature sequence ( Fig. 2C ) was similar to sea anemone peptides of group 9a, so in accordance with a convenient nomenclature (27) the peptide was named -AnmTX Ms 9a-1 (short name Ms 9a-1). C-terminal homological peptides from precursors Ms9.1 and Ms9.2 were named AnmTX Ms 9a-2 (Ms 9a-2) and AnmTX Ms 9a-3 (Ms 9a-3), respectively. Peptides Ms 9a-1, Ms 9a-2, and Ms 9a-3 were flanked by processing site sequence DP (EP) (Fig. 2, A and B) . Such maturation sequences can be removed by dipeptidyl peptidases and are usual for sea anemone, hymenoptera, and amphibian toxins (28) . There were no attempts at identification, isolation, or characterization of Ms A, HPLC separation of the crude peptide fraction on a reverse-phase column Jupiter C5 (250 ϫ 10 mm) using a linear gradient of ACN concentration (0 -60% in 60 min) in 0.1% TFA and a flow rate of 5 ml/min. B, HPLC of active fraction on a Synergi Fusion-RP column (250 ϫ 3 mm) using a gradient of ACN concentration (0 -30% for 1 min, 30 -50% for 30 min) in the presence of 0.1% TFA and a flow rate of 0.5 ml/min. Fractions exercised a potentiating activity on rTRPA1 are marked with a black box.
9a-2 and Ms 9a-3 peptides as they were out of the scope of this study.
Primary Structure Homology-A BLAST search revealed the homology of the Ms 9a-1 structure to sea anemone peptides U-SHTX-Sdd1 (29), Bcg-III-23.41 (30) , and SHTX-1/SHTX-2 (31) (Fig. 2C ). These peptides, with two disulfide bridges, belong to class 9a of sea anemone peptides with a boundless ␤-hairpin fold, as was established for peptide Ugr 9a-1, isolated from the venom of sea anemone U. grebelnyi (23) . All of the previously found peptides differ in their cellular target. Bcg-III-23.41 and SHTX-1/SHTX-2 were found to be weak voltagegated potassium channel blockers (30, 31) . Ugr 9a-1 was characterized as the inhibitor of ASIC3 channels, producing significant analgesic activity (23) . U-SHTX-Sdd1, known as the first sea anemone toxin with O-HexNAc-threonine posttranslational modification at position 1, has not been characterized by target yet (29) . These peptides target other biological func-tions and do not have significant primary structure similarity to Ms9a-1 (max 34% of identity). The most homologous peptides are Ms 9a-2 and Ms 9a-3, predicted from the same protein precursors. The main features that distinguish Ms 9a-1 from Ms 9a-2 and Ms 9a-3 are a long C-terminal tail and a nonhomological region between 2 and 3 Cys residues ( Fig. 2C ). Presumably, these nonhomologous residues can be, at least partially, responsible for peptide recognition of TRPA1.
Recombinant Polypeptide Production-To provide a sufficient amount of peptide for functional investigations, recombinant Ms 9a-1 was produced as the fusion protein with thioredoxin in the prokaryotic expression system. Thioredoxin ensures high yields of cysteine-containing polypeptides with native conformation (23, 32, 33) . A synthetic gene coding for the mature peptide Ms 9a-1 was constructed and cloned into expression vector pET32b(ϩ). The construction of pET32bϩMs 9a-1 was used to transform Escherichia coli FIGURE 2 . Structural organization of precursor proteins. A, nucleotide sequence of ms9.1 cDNA accompanied by deduced amino acid sequence. The signal peptide sequence is marked in bold, determined mature peptide sequences are underlined, and the Ms 9a-1 peptide is highlighted in gray. B, alignment of protein sequences of Ms 9a-1 precursors deduced from ms9.1 and ms9.2 genes. The signal peptide sequences are shown in italics, and different amino acids are in bold. C, multiple sequence alignment for three novel peptides from M. senile and other sea anemone toxins from structural class 9a: peptide U-SHTX-Sdd11 (C0HJB4) from Homostichanthus duerdeni; SHTXI/2 (P0C7W7) from Stichodactyla haddoni; Bcg III 23.41 toxin (P86466) from Bunodosoma cangicum; Am-1 (P69929) from Antheopsis maculata; Ugr 9a-1 (S4S1V7) from U. grebelnyi. Residues identical to the Ms 9a-1 sequence are highlighted. The cysteine distribution pattern for structural class 9a is shown at the bottom. BL21(DE3) cells. The fusion protein was isolated by metal affinity chromatography and cleaved by CNBr to release the recombinant peptide. Recombinant Ms 9a-1 was purified by reverse-phase HPLC. The final yield of the target peptide was estimated to be ϳ2.4 mg/liter of the cell culture. The recombinant peptide had the same molecular weight and amino acid sequence of five N-terminal residues as the natural Ms 9a-1. Retention time during the co-injection of both peptides on a reverse-phase column was also identical, verifying the proper folding of the recombinant Ms 9a-1.
Ms 9a-1-potentiated Response of CHO-rTRPA1 Cells to AITC-Ms 9a-1 activity was measured by fluorescent influx calcium assay on CHO-rTRPA1 cells. The Ca 2ϩ response was induced by adding AITC. The crude peptide fraction of M. senile venom potentiates the response to 100 M AITC up to 30%. Native peptide Ms 9a-1 showed the same potentiating activity in a relevant concentration ( Fig. 3A ). Recombinant and native peptides showed the same activity in equal concentration. Neither the native nor the recombinant peptide caused Ca 2ϩ influx in rTRPA1-CHO cells alone.
Preliminary experiments revealed that the efficacy of potentiation depended on the TRPA1 activation level. Analysis of dependence for the potentiating effect of Ms 9a-1 revealed the significant impact of agonist concentration (AITC). AITC produced the dose-dependent increase of [Ca 2ϩ ] i response in the concentration range 15-500 M, whereas 1000 M AITC produced less response than 500 M, most probably due to TRPA1 agonist-induced desensitization. Preincubation with Ms 9a-1 (1 M) did not cause significant changes in response at low (15-50 M) or high (500 -1000 M) AITC concentrations. The maximal potentiating action of Ms 9a-1 (35-55%) was observed at agonist concentrations producing the middle range of [Ca 2ϩ ] i responses (100 -300 M) ( Fig. 3B ).
Electrophysiology-Ms 9a-1 produced a significant concentration-dependent potentiating effect on diclofenac activation of rTRPA1 expressed in Xenopus laevis oocytes ( Fig. 4 ). Recordings in repeated voltage ramp pulses from Ϫ80 mV to ϩ80 mV showed the significant potentiating effect on the inward current of TRPA1, but this effect was not stable on the outward current ( Fig. 4A ). The maximal effect reached ϳ90% for potentiation of diclofenac-induced inward currents at a peptide concentration Ͼ1 M (Fig. 4B ). The EC 50 of Ms 9a-1 for the inward current potentiation at Ϫ80 mV was 122 Ϯ 41 nM (n H 0.79 Ϯ 0.19). A stable potentiating effect of the peptide on the outward current was achieved by the second protocol utilized, repeating voltage steps from Ϫ20 to ϩ80 mV (Fig. 5 ). The maximal observed potentiating effect reached ϳ80% at a peptide concentration Ͼ1 M when diclofenac or AITC was used as the activation stimuli ( Fig. 5, A and D) . The calculated EC 50 of Ms 9a-1 at diclofenac activation was 30 Ϯ 8.6 nM, with n H 0.62 Ϯ 0.15 (Fig. 5B ). Therefore, the efficacy of the peptide to potentiate inward and outward currents is different. Ms9a-1 more efficiently potentiated outward currents of TRPA1 at low concentrations but equally affected both currents at concentrations Ͼ300 nM. The peptide did not cause measurable desensitization of TRPA1 receptors upon repeated stimulation by diclofenac in the presence of Ms 9a-1, the only strong potentiating effect observed ( Fig. 5C ).
We next used cultured dorsal root ganglion (DRG) neurons to study the potentiating effects of Ms9a-1 on [Ca 2ϩ ] i rise mediated by TRPA1 in sensory neurons. Ms9a-1 (300 nM) produced a significant increase of 157 Ϯ 88% (n ϭ 30) in calcium response of DRG neurons to AITC (Fig. 6 , A and D), whereas application of buffer did not provoke the significant response of DRG neurons ( Fig. 6 , B and D). Application of MS9a-1 alone did not induce any response of cultured sensory neurons ( Fig. 6C ).
Additionally, peptide Ms 9a-1 was tested on several ion channels for inhibitory/potentiating effects and showed neither agonistic nor antagonistic activity on rTRPV1, hTRPV3, rASIC1a, or hASIC3 at a concentration of 3 M (not shown).
In Vivo Experiments-Compounds that activate TRPA1 cause pain and neurogenic inflammation accompanied with thermal and mechanical hyperalgesia (34) . Thus, we examined whether Ms 9a-1 could cause pain or thermal hyperalgesia. Nei- FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7
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ther pain response within 15 min after intraplantar injection of 2.5 g of Ms 9a-1 nor thermal hyperalgesia 2 h after injection was observed (not shown).
Because Ms 9a-1 significantly potentiates the response to AITC in vitro, we tested whether the peptide could modulate response to this TRPA1 agonist in mice. The dosage of AITC (10 l, 0.5% in saline) was chosen to provoke a nearly halfmaximal response to AITC in licking and guarding. Administration of AITC (10 l, 0.5% in saline) into the plantar surface of the hind paw induced licking and guarding of this paw together with swelling of the paw due to neurogenic inflammation, as described previously (35) . Intravenous administration of Ms 9a-1 (0.3 mg/kg) 30 min before agonist injection significantly reduced AITC-induced nocifensive behavior, decreasing the duration of paw guarding (ϳ78%) ( Fig. 7A ) and the number of paw licks (ϳ55%) (Fig. 7B ). Ms 9a-1 also significantly reduced the development of neurogenic inflammation, decreasing paw edema by ϳ42 and ϳ50% compared with the control 2 and 4 h after AITC injection, respectively ( Fig. 7C ). No significant effect of Ms 9a-1 was observed at a dose of 0.03 mg/kg (not shown).
Complete Freund's Adjuvant (CFA)-induced thermal hyperalgesia is a general model of inflammation. Injection of CFA into the hind paw produces swelling and increased sensitivity to noxious mechanical and thermal stimuli (hyperalgesia). Administration of Ms 9a-1 (0.3 mg/kg, intravenously (i.v.)) significantly reversed thermal hyperalgesia (ϳ56% of reversal) within 30 min. Moreover, the peptide reduced development of paw edema by 32, 35, and 39% compared with the control 2, 4, and 24 h, respectively, after administration (Fig. 8, A and B) . There was no significant effect of Ms 9a-1 observed at a dose of 0.03 mg/kg. Administration of selective TRPA1 antagonist A-967079 (20 mg/kg, p.o.) 1 h before the peptide completely blocked the effect of Ms 9a-1 (0.3 mg/kg, i.v.) on CFA-induced thermal hyperalgesia.
The TRPV1 (capsaicin receptor) is largely co-expressed with TRPA1 on sensory neurons. Intravenous administration of Ms9a-1 (0.3 mg/kg) 30 min before capsaicin injection significantly reduced pain-related behavior (ϳ50% inhibition) ( Fig.  8D ).
No changes in locomotor activity in the open-field test were found after i.v. administration of 0.3 mg/kg Ms 9a-1. All basic parameters of locomotion tests, such as traveled distance, rearing, velocity, and time spent in the center and peripheral zones were the same for the control and Ms 9a-1 groups (not shown).
Discussion
TRPA1 is an extremely promising target for novel drug development for the treatment of a variety of pathological states associated with inflammation. This nonselective cation channel is mainly expressed in sensory neurons and activated by endogenous ligands produced during inflammation or oxidative stress as well as by exogenous electrophilic chemicals such as AITC, cinnamaldehyde, allicin, and acrolein (1-5) and some other chemicals such as menthol, NSAIDs, and general anesthetics. Additionally, TRPA1 can also be activated indirectly via phospholipase C (PLC) and PKC pathways (36) . Activation of TRPA1 depolarizes the membrane of sensory neurons, initiating both a signal of pain or itch to the CNS and the release of proinflammatory peptides such as substance P and calcitonin gene-related peptide (CGRP), provoking the local inflammatory response. Thus, TRPA1 activators can induce neuropathic and inflammatory pain in vivo (17, 18) . Moreover, a mutation in the gene coding for TRPA1 can cause autosomaldominant pain syndrome (37) . Normally TRPA1 is considered a chemosensor and also takes part in mechanosensitivity (38) .
A few TRPA1 antagonists have been reported in the literature to date: AP-18 (39), A-967079 (40), HC-030031 (41), and GRC17536 (42) . But a number of additional scaffold classes have also been described in patents (43) . These are small molecule antagonists that display very promising in vivo activity in animal models of hypersensitivity and cold hyperalgesia, but effective doses are too high for drug development, except for GRC17536, which is in phase 2 clinical trials on diabetic neuropathy and respiratory disorders. Although inhibition of TRPA1 seems the most logical treatment strategy to achieve pain relief in inflammatory and neuropathic diseases, it was shown that intraplantar, systemic, or spinal injection of some TRPA1 activators can also disrupt nociceptive signaling (3, 44 -46) . Consequently, the final outcome of TRPA1 activation crucially depended on the action spot and degree of TRPA1 activation. The analgesic effect of TRPA1 activation could contribute to the pharmacological action of some nonsteroidal anti-inflammatory drugs (acetaminophen, fenamates, and arylalkanoic acids) (2, 3) and extract of feverfew (46) .
In this work a new sea anemone peptide, Ms 9a-1, was isolated from M. senile venom, providing evidence of a favorable outcome of TRPA1 potentiation on inflammatory pain development. To our knowledge Ms 9a-1 is the first peptide molecule that potentiates the TRPA1 receptor. No direct activation of TRPA1 by Ms 9a-1 was observed in either Ca 2ϩ imaging testing or electrophysiological experiments. But when the peptide was co-applied with TRPA1 agonists (AITC or diclofenac), Ms 9a-1 increased receptor response. Ms 9a-1 did not act as a receptor agonist and did not cause pain or thermal hypersensitivity when it was injected into the hind paw of mice. But preadministration of Ms 9a-1 significantly reduced pain response to AITC (Fig. 7) and reversed CFA-induced thermal hyperalgesia and inflammation (Fig. 8) . Thus, Ms 9a-1 administration in vivo significantly changes the inflammatory response.
Several research groups have reported analgesic properties of TRPA1 agonists to date. For example, some activators of TRPA1, such as p-benzoquinone (p-BQ) and N-acetyl-p-benzoquinoneimine (NAPQI), metabolites of acetaminophen, were found to be powerful analgesics (3) . Metabolites of acetaminophen significantly activated TRPA1 in vitro in transfected HEK293 cells and rat DRG neurons but produced significant antinociceptive responses in vivo when administrated intrathecally. Activation of TRPA1 produced a depolarization block as well as an extensive and sustained inhibition of voltagegated calcium and sodium currents in DRG neurons, which is considered to be a mechanism of spinal analgesia evoked by p-BQ and NAPQI.
A similar mechanism of action was found for a TRPA1 partial agonist, parthenolide, derived from feverfew (Tanacetum parthenium). This small electrophilic molecule is capable of activating TRPA1 in trigeminal neurons, and after initial stimulation it desensitizes the TRPA1 channel and decreases the ability of TRPA1-expressing nerve terminals to respond to any other stimuli. Notably, parthenolide induces nociceptive behavior and allodynia before response desensitization (46) . Also, an interesting example is 15-deoxy-⌬(12,14)-prostaglandin J2, an endogenous electrophilic TRPA1 activator (47) that can produce an antinociceptive effect when injected into a mouse paw (45) . Thus, the outcome of TRPA1 activation by agonists depends on their chemical properties, which predetermine the rate of TRPA1 desensitization and abilities of neurons to respond to other stimuli.
Taking into account these studies, the in vivo mechanism of antinociception produced by Ms 9a-1 could be proposed. Most Analgesic Peptide Potentiating TRPA1 FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7
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probably Ms 9a-1 produces the significant analgesic effect in vivo via a reduced response of TRPA1-expressing neurons to stimuli. Endogenously produced agonists, such as reactive oxy-gen species (15) , prostaglandins (17, 47) , the small endogenous gasotransmitters NO (48) and H 2 S (49), and nitroxyl anion (HNO) (50), are not able to induce significant activation of TRPA1 at physiological concentrations, but Ms 9a-1 could potentiate this activation ( Fig. 6 ) and desensitize neurons expressing TRPA1 in the same way as reported for p-BQ, NAPQI, or parthenolide. Desensitized neurons are unable to respond to AITC, a selective agonist of TRPA1, which corresponds with the significant inhibition of mice reaction to AITC. The same effect was achieved after administration of the selective antagonist of TRPA1 at high doses (35) .
Interestingly, Ms 9a-1 produced dissimilar effects with a low molecular weight TRPA1 antagonist in CFA testing. In contrast to Ms 9a-1, TRPA1 antagonists HC-030031 and A-967079 were unable to reverse CFA-induced thermal hyperalgesia (40, 51) . Therefore, the in vivo effects of Ms 9a-1 are distinct from the inhibition of TRPA1 receptors. It is established that the vanilloid receptor TRPV1 is expressed in the most TRPA1-expressing DRG neurons (5, 34) , and it is considered to play a leading role in the development of CFA-induced thermal hyperalgesia (52) . As was shown before, mustard oil (agonist of TRPA1) in peripheral nociceptors cause desensitization of response to capsaicin as was shown using an in vitro neuropeptide release assay from acutely isolated rat hind paw skin preparation and in vivo behavioral assays (53) . And the data on MS 9a-1 inhibition of capsaicin-induced pain behavior (Fig. 8D ) correspond well with that reported in this study desensitization of response to capsaicin after pretreatment with TRPA1 agonist (mustard oil) (53) .
Moreover, parthenolide, a partial agonist of TRPA1, was shown to block the response to a selective agonist of TRPV1, capsaicin, via desensitization of TRPA1-expressing neurons (46) . Intrathecal injection of the TRPA1 agonists cinnamaldehyde, NAPQI, and p-BQ produced a dose-dependent and reversible increase in paw withdrawal latency in a hot-plate test (3) . Therefore, desensitization of TRPA1-expressing neurons could lead to inhibition of response to capsaicin and the reversal of inflammation and thermal hyperalgesia induced by CFA.
Administration of selective TRPA1 antagonist A-967079 completely blocked the effect of Ms 9a-1 on CFA-induced thermal hyperalgesia (Fig. 8C) . Therefore, activation of TRPA1 is essential for the analgesic effect of the peptide.
To date the list of polypeptide molecules affecting TRPA1 has been limited to the peptide toxin t-ProTx-I (W5A), which was constructed on the base of a 35-residue peptide from the venom of the Peruvian green-velvet tarantula Thrixopelma pruriens, which also significantly inhibits Na v 1.2 (54) . Ms 9a-1 does not have any homology to this peptide but instead has the boundless ␤-hairpin peptide fold characteristic of group 9a sea anemone toxins (23) . All peptides of this group are encoded as part of complex polypeptide precursors. In the case of Ms 9a-1, we found two precursors, each consisting of the signal peptide, the spacer region, the active peptide Ms 9a-1, and one additional peptide, Ms 9a-2 or Ms 9a-3. The production of complex precursors is an effective way for intensive expression of short FEBRUARY 17, 2017 • VOLUME 292 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 2999 peptides in animals and plants (23, 55) . For animals, the most pronounced example is the expression of the peptide toxin Am-1, which possesses weak lethal activity toward crabs (LD 50 830 g/kg) and contains 6 copies of this peptide in the precursor protein (56) .
Analgesic Peptide Potentiating TRPA1
Peptide Ms 9a-1 evidently differs from homologous sea anemone peptides (Fig. 2C ) by extended C termini that probably appeared due to a mutation of a dipeptidyl peptidase processing site (DP or EP). Such a mutation could be responsible for the appearance of TRPA1-potentiating activity, but further experiments are needed to confirm this suggestion. Ms 9a-1 could be a starting point for docking experiments, mutagenesis, and peptide mimetic design as the structure of TRPA1 was recently determined by electron cryo-microscopy (57) .
We should conclude that -AnmTX Ms 9a-1 possesses unique properties; it acts as a positive modulator, significantly potentiating TRPA1 response to different agonists in vitro, and produces significant antinociceptive and anti-inflammatory effects in vivo. Therefore, -AnmTX Ms 9a-1 could represent a new therapeutic strategy; that is, potentiating TRPA1 and leading to inhibition of the neurogenic inflammatory response, most probably due to desensitization of TRPA1-positive neurons. Potentiating the receptor with such a beneficial outcome is attractive as currently existing inhibitors of TRPA1 have toohigh effective doses (Ed 50 Ͼ20 mg/kg) (40, 51) , whereas known partial agonists cause pain. Moreover, -AnmTX Ms 9a-1 could serve as a research tool to determine the involvement of these neurons in physiological and pathological states.
Materials and Methods
Venom Collection-M. senile specimens were collected off the coast, near Tromsø, Norway in September 2012 and kept in fresh-flowing seawater at 12°C for some days. The venom of M. senile was collected from living specimens by using electrical impulses impact (160 mA, 10 Hz). The mucus released by the anemone specimens was washed out with 10 mM EDTA, 1 mM PMSF solution.
Purification Procedure-Salt was removed from the samples of the venom by solid phase extraction. The sample was loaded onto Sep-Pak C 18 Vac cartridge/5000 mg (Waters) equilibrated in buffer A (0.1% trifluoroacetic acid (TFA)). After washing with buffer A, elution was performed with 70% acetonitrile (ACN) solution containing 0.1% TFA. The non-bound material was discarded. The collected eluate was lyophilized and kept frozen at Ϫ20°C until further separation by HPLC. The first stage of HPLC separation was done on a reverse-phase column Jupiter C 5 (250 ϫ 10 mm, Phenomenex) using a linear gradient (0 -60% in 60 min) of ACN in the presence of 0.1% TFA and a constant flow rate 5 ml/min (Fig. 1A) . On the second stage the Ms 9a-1 peptide was purified on Synergi Fusion-RP column (250 ϫ 3 mm, Phenomenex) using a linear gradient (0 -30% in 1 min, 30 -50% in 30 min) of ACN concentration in the presence of 0.1% TFA and a constant flow rate 0.5 ml/min (Fig. 1B) .
Mass Spectrometry-MALDI time-of-flight spectrometry on an Ultraflex TOF-TOF instrument (Burker Daltonik, Bremen, Germany) was used to measure molecular weight. Calibration was performed with either a ProteoMass peptide and protein MALDI-MS calibration kit or a ProteoMass peptide MALDI-MS calibration kit, with mass ranges 700 -66,000 Da and 700 -3,500 Da, respectively (Sigma). The molecular mass determination was carried out in a linear or reflector positive ion mode. Samples were prepared by using the dried-droplet method with 2.5-dihydroxybenzoic acid (10 mg/ml in 70% ACN solution with 0.1% TFA) or ␣-cyano-4-hydroxycinnamic acid (10 mg/ml in 50% ACN solution with 0.1% TFA) as a matrix.
Reduction of Disulfide Bonds and Modification of Thiol Groups-Lyophilized peptide was dissolved in 40 l of denaturation buffer containing 100 mM Tris-HCl, pH 8.0, 6 M guanidine-HCl, and 3 mM EDTA. Disulfide bonds were reduced by incubation for 4 h at 40°C with 2 l of 1.2 M 1,4-dithiothreitol. Free thiol groups were alkylated by the addition of 2 l of 50% 4-vinylpyridine in methanol and incubation at room temperature in the dark for 15 min. The modified peptide was immediately isolated from reducing and alkylating agents by HPLC on reverse-phase column Luna C 18 (150 mm ϫ 3 mm, Phenomenex) using a linear gradient (10 -50% in 40 min) of ACN solution containing 0.1% TFA and a constant flow rate 0.3 ml/min.
Amino acid Sequence Analysis-Alkylated peptide was partially analyzed by automated stepwise Edman degradation method on a Procise model 492 protein sequencer (Applied Biosystems) according to the manufacturers' protocol.
Precursor Determination-Total RNA was isolated from the tentacles of M. senile using TRIsol reagent (Ambion) and the manufacturer's protocol. Reverse transcription of RNA into cDNA was performed using the MINT kit (Evrogen, Moscow, Russia) according to the manufacturer's recommendations. 3Ј-Terminus determination was carried out by 3Ј-RACE using the universal primer T7cap (GTA ATA CGA CTC ACT ATA GGG CAA GCA GTG GTA ACA ACG CAG AGT) and degenerated primers MS-d1 (GTA GGA GGN TGY ATH AAR TGY CA) and MS-d2 (GGT CGA TGT GTG AGN ATH GTN GG). 5Ј-RACE was performed with universal primer T7cap and reverse primers MS-r1 (ACA GCC GGC GAT ACG AAC ACA) and MS-r2 (CCA TTG GAA TCT TGT GTA TGA C). Full precursor sequences were synthesized by PCR using primers MS-5Ј-end (GTC AAC TGA GAC CTA CAA CAC) and MS-3Ј-end (CAA TTA TGA ATG GTT ATA GAT CCC). DNA sequencing was performed on Applied Biosystems 3730 DNA Analyzer.
Gene Synthesis-The DNA sequence encoding peptide Ms 9a-1 was constructed by PCR technique using four synthetic oligonucleotides: MS-dir1 (TAG AAT TCA TGA ATA TTA TTG TGG GCG GCT GCA TTA AAT G) containing the Met codon for BrCN cleavage, MS-dir2 (GGG CGG CTG CAT TAA ATG CCA TGT GAA AAA TGC GTC CGG CCG TTG), MS-rev1 (GAC TCG AGC TAG GAA AAC AGA TCC GGC ACT TTA TCC ACG CCG CA), and MS-rev2 (CAC TTT ATC CAC GCC GCA GCC CAC AAT ACG CAC GCA ACG GCC GGA CGC AT). The amplified PCR fragment was gel-purified and cloned into the expression vector pET32bϩ (Novagen) digested with restriction enzyme EcoRV (Fermentas, Vilnius, Lithuania).
Recombinant Peptide Production-Recombinant peptide Ms 9a-1 was produced as a thioredoxin fusion protein in E. coli BL21(DE3). Cells were transformed with the expression vector and cultivated in LB medium with ampicillin (100 g/ml) at 37°C. When the culture density reached A 600 ϳ 0.6 -0.8, isopropyl-1-thio-␤-D-galactopyranoside was added up to 0.2 mM to induce expression. After cultivation for 18 h at 25°C, cells were centrifuged (5 min at 6000 ϫ g), resuspended in a buffer for metal affinity chromatography (400 mM NaCl, 20 mM Tris-HCl, pH 7.5), and ultrasonicated. To remove all insoluble particles, the extract was centrifuged for 15 min at 9000 ϫ g. The supernatant was purified using TALON Superflow metal affinity resin (Clontech) using manufacturer protocols. Thioredoxin fusion protein was cleaved in the dark at room temperature by BrCN with the addition of HCl up to 0.2 M, as described previously (32) . The BrCN molar ratio to protein was 600:1. The target peptide was isolated from the reaction mixture using a reverse-phase column Jupiter C 5 (250 ϫ 10 mm). The purity of recombinant peptide was confirmed by N-terminal sequencing and MALDI-TOF mass spectrometry.
Fluorescent Assay of Calcium Influx-Initially the CHO cell line stably expressing rat TRPA1 (rTRPA1, AY496961.1) was produced using the T-Rex System (Invitrogen) according to the manufacturer's protocol. cDNA-encoding rTRPA1 was cloned into vector pcDNA4/TO, which provides inducible expression in mammalian cell lines. The CHO cells that carried the regulatory vector pcDNA6/TR encoding the tetracycline repressor were transfected with the pcDNA4/TO-rTRPA1 plasmid, and after 2 weeks of selection by blasticidin (5 g/ml) and zeocin (250 g/ml) single colonies were screened using the agonistinduced Ca 2ϩ uptake assay. TRPA1 expression was induced by tetracycline, adding up to 1 g/ml 24 h before testing. Positive clones were expanded and used. Fluorescent assays were performed using a tablet spectrophotometer with the integrated automatic liquid dosing system NOVOstar (BMG LABTECH, Ortenberg, Germany). rTRPA1-CHO cells were seeded into black-walled, clear-bottomed 96-well plates at a density of 75,000 cells per well and cultured overnight at 37°C (complete media without antibiotics containing 1 g/ml tetracycline). TRPA1-expressing cells were stained with the cytoplasmic calcium indicator Fluo-4AM using Fluo-4 Direct™ calcium assay kits (Invitrogen) and incubated in the dark at 37°C and 25°C for 60 min each. The control (buffer alone) and serial dilutions of the peptide were added to the cells, and immediately the measurement was carried out. Fluorescent signals (ex ϭ 485 nM, em ϭ 520 nM) were monitored before and after the addition of the TRPA1 agonist (100 M AITC). The measurements were performed at room temperature and pH 7.4.
Calcium Imaging of DRG Neurons-Animal care and animal experiments were performed following the protocol approved by the Animal Care and Use Committee of the Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, RAS (protocol 191/2015). Male adult (3 months old) Wistar rats were used. They were kept under a 12-h light-dark cycle with free access to chow and water. Rats were deeply anesthetized by inhalation of isoflurane (Baxter Healthcare Corp.), and DRGs from segmental levels T1-L5 were excised.
The culturing procedure was performed as described earlier (58) with some modifications. Isolated DRGs were incubated in an enzyme mixture (2 mg/ml collagenase type 1 and 2 mg/ml dispase II (Sigma)) in calcium-, magnesium-free Hanks' bal-anced salt solution (Paneco, Moscow, Russia) for 15 min at 37°C, and neurons were dissociated by trituration with a glass Pasteur pipette. This step was repeated 3 times, and then cells were washed by centrifugation (3 times at 1000 ϫ g for 2 min) in L15 medium (Sigma) containing 10% fetal bovine serum. After the final washing step cells were suspended in basal TNB-100 medium supplemented with lipid-protein complex (Biochrom AG, Berlin, Germany) and 25 M cytosine ␤-D-arabinofuranoside (Sigma). The cell suspension was transferred onto poly-Dlysine/laminin (Sigma)-coated 96-well cell culture plates (cells obtained from 0.5-1 ganglia/well) and cultured for 20 -24 h in CO 2 incubator.
The intracellular calcium concentration ([Ca 2ϩ ] i ) measurements were performed using primary cultures of DRG neurons. Measurements were done in a buffer ECS, pH 7.4, containing 140 mM NaCl, 2.8 mM KCl, 4 mM MgCl 2 , 2 mM CaCl 2 , 20 mM HEPES, 10 mM D-glucose at room temperature. The cells were loaded with 2 M Fluo-4AM and 1.25 mM probenecid (Invitrogen) in the buffer for 30 min at 37°C and then for 30 min at room temperature. Fluo-4 was excited at 460 -495-nm wavelengths, and fluorescence was collected at 510 -550 nm with a fluorescent microscope Olympus IX71 (Olympus, Tokyo, Japan). Individual cell responses were recorded using XM10 monochrome camera and Cell A imaging software (Olympus), and changes in fluorescence levels were analyzed with ImageJ software. Each cell was tracked independently, and the fluorescence intensity at the beginning of the experiment was set to 100%. In each experiment the cells were exposed to the ECS buffer and TRPA1 agonist AITC (75 M) followed by peptide Ms 9a-1 (300 nM) and capsaicin (0.5 M) applications. To exclude the effect of mechanical impact on DRG cells, buffer instead of the peptide was used or buffer was followed by AITC and capsaicin applications. To show that the peptide alone had no effect on the cells, it was applied before agonist and capsaicin applications. All ligands except Ms 9a-1 were purchased from Sigma.
Electrophysiology-rTRPA1 (AY496961.1) cRNA was synthesized from the NarI-linearized pVAX1/TRPA1 plasmid using TranscriptAid TM T7 High Yield Transcription kit (Fermentas) according to the manufacturer's protocol for capped transcripts. X. laevis oocytes were dissected from frog and defolliculated by shaking at room temperature for 120 min in the sterile solution containing 100 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 5 mM HEPES, pH 7.4, laced with 1 mg/ml collagenase. Intact oocytes were injected with 2-5 ng of cRNA transcript. Injected oocytes were incubated for 2-7 days at 15-19 ºC in sterile ND-96 medium containing 100 mM NaCl, 2.5 mM KCl, 1.8 mM CaCl 2 , 1 mM MgCl 2 , 5 mM HEPES, pH 7.4, supplemented with 50 g/ml gentamycin. cRNA-injected oocytes were placed in a special bath perfused with a Ca 2ϩ -free solution that contained 100 mM NaCl, 2.5 mM KCl, 1 mM MgCl 2 , 5 mM HEPES, pH 7.4. Then oocytes were impaled with two glass microelectrodes filled with 3 M KCl connected to a GeneClamp 500 amplifier (Axon Instruments). Oocytes were clamped at Ϫ20 mV, recording both inward/outward currents made at repeated steps to Ϫ80 mV for 80 ms following voltage ramp from Ϫ80 mV to ϩ80 mV for 200 ms every 4 s. For outward currents recording oocytes were clamped at Ϫ20 mV, and recordings of activation were made at repeated voltage step to ϩ80 mV for 200 ms every 4 s. Diclofenac (300 M in Ca 2ϩ -free solution) (2) or AITC (100 M in Ca 2ϩ -free solution) (59) was added to the bath with oocytes to activate the channel. Experiments were performed at room temperature (22-24°C) . The data were filtered at 20 Hz and digitized at 100 Hz by an AD converter L780 (LCard, Moscow, Russia) using in-house software. For curve-fitting analysis we used a four-parameter logistic equation, F(x) ϭ A2 ϩ (A1 Ϫ A2)/(1 ϩ (x/x 0 ) p), where x is the concentration of peptide, F(x) is the response value at a given peptide concentration, A2 is the maximal response value (% of control), A1 is the control response value (fixed at 100%), x 0 is the EC 50 value, and p is the Hill coefficient (slope factor).
Animal Models-Adult male CD-1 mice (20 -25 g; Animal Breeding Facility Branch of Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry, Russian Academy of Sciences, Pushchino, Russia) were housed at room temperature (23 Ϯ 2°C) and subjected to a 12-h light-dark cycle with food and water available ad libitum. Experiments were approved by the Animal Care and Use Committee of the Branch of the IBCh RAS (Pushchino, Russia). Each animal was used only once and was euthanized in the CO 2 chamber immediately after the completion of the experiment. In all nociceptive and behavioral tests, the responses were recorded by a person blind to the treatment. Ms 9a-1 was dissolved in saline. The significance of the data was determined by one-way analysis of variance followed by a Tukey's post hoc test. Data are presented as the mean Ϯ S.D.
Test on Pain/Thermal Hyperalgesia-evoking Activity-Ms 9a-1 (2.5 g/10 l) or saline (10 l) was injected in a left hind paw. Licking or guarding of injected paw was monitored. The latency of left hind paw withdraw from the hot plate (53°C) was measured 2 h after injection.
Open Field Test-Open-field activity was measured using TSE Multi Conditioning System Extended Advanced with TSE ActiMot (Activity and Hole Board Measuring System) module and test arena "Open field" (TSE Systems, Inc., Chesterfield, MO). Spontaneous locomotor activity was recorded for 15 min. Peptide and saline were administered i.v. 30 min before testing.
AITC-induced Pain and Inflammation-The AITC-induced nocifensive behavioral response was evoked by the injection of AITC (20 l, 0.5% in saline) into the plantar surface of the left hind paw. Ms 9a-1 or saline were administrated i.v. 30 min before AITC administration. The control mice were treated by 20 l of saline. The number of licks and duration of paw guarding for 5 min after injection of AITC were recorded. The extent of paw edema was evaluated before the test and 2, 4, and 24 h after AITC injection using an electronic digital caliper.
Complete Freund's Adjuvant-induced Thermal Hyperalgesia and Inflammation-The thermal hyperalgesia was induced using CFA. CFA was suspended in oil/saline (1:1) emulsion. Mice were injected with 20 l of CFA emulsion into the plantar surface of the left hind paw 24 h before i.v. sample administration. Control mice were injected with 20 l of saline. Testing was performed 30 min after peptide or saline administration. The latency of paw withdrawal was determined upon thermal stimulation on a hot plate (53°C) 24 h after CFA injection. The paw edema was evaluated before CFA injection before and 2, 4, and 24 h after Ms 9a-1 or saline administration using the elec-tronic digital caliper. TRPA1 antagonist A-967079 (Sigma) was dissolved in 85% PEG400 and administrated orally (20 mg/kg, p.o.).
Capsaicin Test-Intraplantar injection of capsaicin (3 g/10 l in 10% ethanol/90% saline) was used to elicit capsaicin-induced acute pain. Immediately after the capsaicin injection, mice were placed inside glass cylinders for observation for 15 min. The duration of episodes of paw licking was recorded.
Computation-The similarity of the mature chain sequences was determined by both a BLAST search (blast.ncbi.nlm. nih.gov) and by SRDA (60 -62) . The sequence and spatial structure data for analyses were retrieved from the UniProt Data Bank. The Sequence alignment was built by the Megalign module from Dnastar Inc.
